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Edited by Takashi GojoboriAbstract By DNA cloning, we have identiﬁed the BSRP (brain-
speciﬁc receptor-like proteins) family of three members in mam-
malian genomes. BSRPs were predominantly expressed in the
soma and dendrites of neurons and localized in the endoplasmic
reticulum (ER). Expression levels of BSRPs seemed to ﬂuctuate
greatly during postnatal cerebellar maturation. Triple-knockout
mice lacking BSRP members exhibited motor discoordination,
and Purkinje cells (PCs) were often innervated by multiple
climbing ﬁbers with diﬀerent neuronal origins in the mutant cer-
ebellum. Moreover, the phosphorylation levels of protein kinase
Ca (PKCa) were signiﬁcantly downregulated in the mutant cer-
ebellum. Because cerebellar maturation and plasticity require
metabotropic glutamate receptor signaling and resulting PKC
activation, BSRPs are likely involved in ER functions supporting
PKCa activation in PCs.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The form and circuitry of the central nervous system develop
by a complex process that requires various intracellular signal-
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doi:10.1016/j.febslet.2006.06.043interactions between multiple neural and glial cells. Since much
remains unknown about the neural developmental processes, it
is essential to characterize intracellular and intercellular signal-
ing molecules. Most integral membrane proteins and secretory
protein precursors share a signal peptide at their amino termi-
nus. We employed the signal sequence trap method [1], which
allowed us to eﬀectively isolate signaling proteins with a wide
variety of functions. This report describes the identiﬁcation of
a novel brain-speciﬁc transmembrane protein family consisting
of three BSRP members, and demonstrates their essential roles
in cerebellar synaptogenesis using knockout mice lacking the
family members.2. Materials and methods
2.1. DNA cloning and in situ hybridization
In the survey of membrane proteins from the mouse brain using the
signal sequence trap method [1], we isolated the partial BSRP-A cDNA
fragment containing the 5 0-noncoding sequence and protein-coding
sequence for the amino-terminal 128 amino acid residues. Database
searches using the cDNA sequence found mouse EST clones that were
identical or similar to BSRP-A. To determine the primary structures of
BSRP family members, full-length cDNAs were isolated by library
screening on the basis of information from the databases. Northern
blot analysis in mouse tissues using the cDNAs as probes and in situ
hybridization histochemistry using the oligonucleotide probes below
were carried out as described previously [2]; the probes are GGTCC-
TGGGTCCTGCAGACTTGTAGACTTGAGGTCAGATGGAAAC
for BSRP-A, TCTGAGGAGGTCCCGACAGGTCATGTCTGTCT-
GTCTGTCTGTCTG for BSRP-B and GGTCTTAGACATGAC-
CTCTGGAACCCAAGGTCTGTCCATGTCTCC for BSRP-C. The
speciﬁcities of the probes were checked using brain sections from
TKO mice in which the hybridization signals were completely dimin-
ished. Total RNA samples were prepared from adult C57BL/6J
mouse tissues, and Northern blot analysis was carried out as described
previously [3].
2.2. Membrane preparation and immunoblot analysis
Biochemical fractionation of brain microsomal proteins was per-
formed as described previously [4]. The cerebellar homogenate (Ho)
was centrifuged at 1000 · g to remove nuclei and large debris (P1).
The supernatant ﬂuid (S1) was centrifuged at 10000 · g to obtain
the crude synaptosomal fraction (P2), lysed hypo-osmotically andblished by Elsevier B.V. All rights reserved.
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(LP1). The supernatant ﬂuid (LS1) was centrifuged at 165000 · g to
obtain the synaptic-vesicle-enriched fraction (LP2). Concurrently, the
supernatant ﬂuid (S2) above the crude synaptosomal fraction (P2)
was centrifuged at 165000 · g to obtain the cytosolic fraction (S3)
and the light membrane/microsome-enriched fraction (P3). The prepa-
rations were subjected to immunoblot analysis, and immunoreactivi-
ties were visualized using the ECL chemiluminescence detection
system (Amersham). To produce antibodies to BSRP subtypes, rabbits
were immunized with keyhole limpet hemocyanin-conjugated with syn-
thetic peptides corresponding to the amino acid residues 61–75 for
BSRP-A, residues 73–87 for BSRP-B and residues 69–83 for BSRP-
C. To examine phosphoprotein levels, the cerebellum was homoge-
nized in a buﬀer containing phosphatase inhibitors and the resulting
total cerebellar proteins were subjected to immunoblot analysis as
described previously [5].2.3. Knockout mice and behavioral analysis
Knockout mice were created as described previously [6]. The result-
ing mice carrying targeted mutations in the BSRP-A, B and C genes
were crossed with each other, and triple-knockout (TKO) mice lacking
all of the members (129 strain and C57BL genetic background) were
obtained. The synthetic primers used for genotyping the knockout
mice are primer A3 (CGTGGGCTTGACACCTTTCTCAGC), primer
A4 (CCCCAGTGAAATACTCCCCTGATCC), primer B2 (CCGT-
GGTGATGATGGTGGTAGTGAC), primer B3 (CGTCCCTGAA-
GCAACTCAACTCGG), primer Neo5 0a (GCCACACGCGTCACC-
TTAATATGCG), primer C5 (GAGTGAGCAGAATCCATCAA-
GAGG), primer C4 (CATCTTCACAGGTGATGCTGTGTC) and
primer PneoS (CGCTATCAGGACATAGCGTTGGCTACC). To
survey abnormal cerebellar functions of the mutant mice generated,
the ﬁxed-bar and rota-rod tests were carried out as described previ-
ously [7,8].2.4. Morphological analysis
Preparation of brain sections, immunoﬂuorescence analysis and
immunoelectronmicroscopic observation were carried out as described
previously [9]. To examine multiple innervation between climbing ﬁ-
bers (CFs) and Purkinje cells (PCs), triple-ﬂuorescence staining of cer-
ebellar sections was carried out as described previously [8]. Brieﬂy, CFs
were anterogradely labeled by injecting dextran Texas red into anesthe-
tized mice at the inferior olive, the mice were ﬁxed after 4 days by
transcardial perfusion, and microslicer sections were immunoﬂuores-
cence-stained with antibodies to calbindin and vesicular glutamate
transporter 2 (VGluT2) for confocal microscopic examination.Fig. 1. Structures and distribution of BSRPs. Structural features of BSRP fam
generated from the BSRP genes, and the most abundant products proposed by
signal sequence, motif sequences for putative intermolecular interaction (CU
shown. In situ hybridization analysis of BSRP mRNAs in brain (B); dark-ﬁe
and bright-ﬁeld photographs of the cerebellar cortex (right panel). Note ove
mouse brain. AON, anterior olfactory nuclei; Cb, cerebellar cortex; cc, corpus
layer; Hip, hippocampal formation; MO, medulla oblongata; Mo, molecular
olfactory tubercle. Arrowheads indicate PCs. Scale bars: 1 mm in left panel
sections from TKO mice in which hybridization signals described above were
for the analysis.2.5. Electrophysiological measurements
Sagittal cerebellar slices from mice were prepared and whole-cell
recording was made from PCs as described previously [10]. The com-
position of intracellular solution was as follows (in mM): 60 CsCl,
10 Cs D-gluconate, 20 TEA-Cl, 20 BAPTA, 4 MgCl2, 4 ATP, 0.4
GTP and 30 HEPES (pH 7.3). The composition of the standard bath-
ing solution was as follows (in mM): 125 NaCl, 2.5 KCl, 2 CaCl2, 1
MgSO4, 1.25 NaH2PO4, 26 NaHCO3 and 20 glucose, which was bub-
bled continuously with a mixture of 95% O2 and 5% CO2. Bicuculline
(10 lM) was always present in the saline to block spontaneous inhib-
itory postsynaptic currents. Ionic currents were recorded with a
patch-clamp ampliﬁer (Axopatch-1D, Axon Instruments). Stimulation
and on-line data acquisition were performed using the PULSE soft-
ware (HEKA, Germany) on a Macintosh computer.3. Results
3.1. Identiﬁcation of BSRP family
In our attempt to identify novel transmembrane proteins in
the brain, we obtained the partial cDNA for BSRP-A from a
mouse library. Cloning the full-length cDNA deﬁned the pri-
mary structure of BSRP-A (Fig. S1A). Database searches iden-
tiﬁed several EST clones encoding proteins similar to BSRP-A,
and this information was used to isolate two additional family
members, BSRP-B and -C, by cDNA cloning. Therefore, our
cloning resulted in the identiﬁcation of novel transmembrane
protein family members in the mouse genome. The overall
amino-acid sequence identity is 31% among the family mem-
bers, and a high homology is detected in several motif se-
quences. BSRP-C is identical to SEZ-6, whose mRNA is
upregulated in response to seizure-inducing reagents in neu-
rons [11]. Putative protein-coding sequences for BSRP family
members can be identiﬁed from several animal species in the
databases, and the human genome carries predicted genes for
three BSRP subtypes.
BSRPs share common structural characteristic features as
shown in Fig. 1A. Their primary structures carry a signal se-
quence, a large luminal/extracellular region, a membrane-span-
ning segment and a short intracellular region. The proposed
luminal/extracellular regions contain repeated SCR (short con-ily members (A). Database searches indicated that splicing variants are
our cDNA cloning are shown in the sequence alignment (Fig. S1). The
B and SCR domains) and transmembrane segment are schematically
ld photographs of sagittal sections from adult mouse brain (left panel),
rlapping but distinct spatial expressions of BSRP mRNAs in the adult
callosum; CP, caudate putamen; Cx, cerebral cortex; GCL, granule cell
layer; OB, olfactory bulb; PCL, Purkinje cell layer; Th, thalamus; Tu,
and 100 lm in right panel. Signal speciﬁcity was conﬁrmed with brain
completely diminished (data not shown). Young adult mice were used
Fig. 2. Expression of BSRPs in cerebellum. Western blot analysis of BSRPs in membrane preparations from cerebellum (A). Fractionated samples
(5 lg protein/lane) were analyzed with antibodies speciﬁc to BSRP family members. Membrane fractionation and the preparations are described in
Section 2, and the molecular sizes of immunoreactive bands are shown in Fig. S2. Immunoﬂuorescence images of BSRP-A in cerebellum (B–G).
Among cerebellar cell types, PCs showed the strongest signals for BSRP-A immunoreactivity. Positive signals underneath the PC layer are derived
from granular cells, and immunoreactive small cells in the molecular layer are assigned as interneurons supplying inhibitory inputs to PCs (B). In the
somatodendritic regions of PCs, BSRP-A-positive signals clearly form puncture structures (C–F). There was no obvious correlation of BSRP-A
signals with VGluT1 (marker for PF terminals) or VGluT2 (marker for CF terminals indicated by arrowheads) signals (C, D). BSRP-A signals were
detected inside cell-surface PKCc signals (E), and partially overlap with IP3R1 signals (F, G). Immunoelectronmicroscopic images of BSRP-A in PCs
(H). The immunoperoxidase-labeled image demonstrated that BSRP-A is predominantly localized to intracellular membranous organelles likely
assigned to sER. Immunogold-labeling analysis conﬁrmed this observation (data not shown). Arrows indicate immunostaining signals. BG,
Bergmann glia; PCD, Purkinje cell dendrite; PF, parallel ﬁber. Scale bars: 10 lm in B, 5 lm in C–F, 2 lm in G, and 1 lm in H. Young adult mice
were used for the immunoanatomical analyses. Expression levels of BSRPs during cerebellar maturation in postnatal stages (I, J). Total cerebellar
homogenates were prepared from 1–8-week-old mice and analyzed (5 lg/lane) in Western blotting using antibodies to BSRP members (I). The
immunoreactivities were digitalized and statistically analyzed (J). The data from 3–5 mice were normalized with the mean values from 8-week-old
mice, and indicated by mean ± S.E.M. Signiﬁcant diﬀerences compared with expression in 8-week-old mice are denoted by asterisks (*P < 0.05 and
**P < 0.01 in t test).
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(complement C1r/s-like repeat) domains. Both SCR and CUB
domains are often observed in extracellular proteins for the im-
mune system, and are thought to have roles in protein–protein
interaction [12,13]. In the intracellular region, BSRPs share a
consensus NPXY motif, and potential tyrosine phosphoryla-
tion sites were identiﬁed by computer searches. The NPXY
motif can interact with clathrin, AP-2 and Dab2 in the adaptor
protein complex for transmembrane protein sorting [14], and
likely restricts the somatodendritic distribution of BSRPs in
neurons as described below. Our database searches also re-
vealed the presence of two BSRP-B variants and three
BSRP-C variants generated by alternative splicing. BSRP-C
variants contain a putative soluble form lacking the transmem-
brane segment, although it is assigned as a minor product
based on its cloning eﬃciency (data not shown).3.2. Brain-speciﬁc expression and subcellular localization of
BSRPs
Expression of BSRPs was shown to be exclusively in the
brain by northern blot analysis (Fig. S1B). In situ hybridiza-
tion histochemistry (Fig. 1B) demonstrated wide expression
of BSRP-A and B in the gray matter of the brain with high lev-
els in the olfactory bulb, anterior olfactory nuclei, hippocam-
pal formation and cerebellar cortex. BSRP-A and -B
mRNAs were also detected diﬀusely and weakly in the whitematter, such as the corpus callosum and cerebellar medulla.
In contrast, expression of BSRP-C mRNA was restricted to
the gray matter with higher levels in the forebrain including
the olfactory bulb, anterior olfactory nuclei, olfactory tubercle,
striatum, hippocampal CA1 pyramidal cell layer and cerebral
cortex. Considering that the major cellular constituent in white
matter is glial cells, as well as concentrated neuronal distribu-
tion in gray matter, the results suggest that BSRP mRNAs are
predominantly expressed in neurons. In the cerebellar cortex,
both BSRP-A and -B mRNAs were intensely expressed in
PCs and granule cells. Positive signals for both mRNAs were
also detected in interneurons in the molecular layer. In
contrast, BSRP-C mRNA was expressed only faintly in the
granule cells.
To examine the subcellular distribution of BSRPs, fraction-
ated cerebellar membrane samples were examined with
subtype-speciﬁc antibodies (Fig. 2A). In standard cell fraction-
ation (Ho  S3), BSRP family members were predominantly
recovered in P3 (total microsome). Both antibodies to BSRP-
B and -C detected weak immunoreactivity in S3 (soluble frac-
tion including cytosolic and extracellular proteins), suggesting
that the proposed soluble minor products are generated by
alternative splicing and are localized in extracellular space.
By the further fractionation of the membrane preparation
(LP1  LS2), BSRP members were found predominantly in
LP2 (synaptic and intracellular vesicle fraction) and also
weakly detected in LP1 (plasma membrane fraction).
Fig. 3. Motor discoordination in BSRP-TKO mice. Fixed bar test (A).
A mouse was placed on a narrow ﬁxed bar, and its behavior was
captured. Wild-type mice walked normally on the bar, while TKOmice
characteristically showed grasping and pulling with their forepaws and
dragging of their hindlimbs. Rota-rod test (B). The time an animal
remained on a rotating rota-rod (16 rpm) was measured during
training by four trials per day. A maximum of 60 s was allowed for
each animal per trial. The data represent mean ± S.E.M., and
signiﬁcant diﬀerences compared with controls are denoted by asterisks
(**P < 0.01 in t test). In the tests, 8–9-week-old mice were examined.
4060 T. Miyazaki et al. / FEBS Letters 580 (2006) 4057–4064Among the antibodies produced, antibody to BSRP-A could
produce speciﬁc immunohistochemical signals, as judged by
the blank staining in the brain from the knockout mice. In
the cerebellar cortex, perikarya and dendrites of PCs, granule
cells and molecular layer interneurons were immunopositive
with the highest level in PCs (Fig. 2B). At a high magniﬁcation,
immunoﬂuorescent signals were punctate and densely packedFig. 4. Multiple CF innervation in BSRP-TKO mice. Triple-ﬂuorescence lab
Texas red (DTR)-labeling of CFs in part (red) and VGluT2 as a marker fo
labeled CFs, VGluT2 signals were always covered with DTR signals to yi
dendrites were associated with VGluT2-positive CF terminals at regular int
However, mutant PC dendrites occasionally showed interruption of the VGlu
separated micrographs of the boxed region (B-2,3) detected two types of CF
and unlabeled CF (uCF), on shaft dendrites from a single PC. Similar multip
20 lm in A and B-1, 5 lm in B-2 to D-3. In the analysis, 9–12-week-old micin the perikarya and thick proximal dendrites of PCs
(Fig. 2C–F). BSRP-A was not detected in parallel ﬁber (PF)
terminals immunolabeled for VGluT1 or CF terminals immu-
nolabeled for VGluT2, demonstrating its preferential somato-
dendritic localization. When examined for protein kinase Cc
(PKCc), which predominantly translocates to the plasma-
lemma depending on the signaling state, BSRP-A-positive
puncta were detected inside plasmalemmal PKCc signals.
BSRP-A-positive puncta in thick dendrites appeared similar
in shape and size to inositol 1,4,5-trisphosphate receptor type
1 (IP3R1)-positive sER. The BSRP-A and IP3R1-immunola-
beled puncta partially overlapped but were often positioned
side by side (Fig. 2G). Immunoelectron microscopy revealed
immunoperoxidase reaction products concentrated around
tubular or round proﬁles of membranous organelles
(Fig. 2H), and post-embedding immunogold staining con-
ﬁrmed the observation (data not shown). These results, to-
gether with the structural and biochemical features, indicate
that BSRPs are predominantly localized to the sER.
Next, we examined BSRP expression levels during postnatal
cerebellar maturation in mice (Fig. 2I and J). In Western blot-
ting analysis using total cerebellar extracts, BSRP-A expres-
sion was remarkably upregulated at 2 weeks after birth,
while BSRP-C expression was highest at 1 week and signiﬁ-
cantly downregulated thereafter. BSRP-B levels showed con-
siderable individual variability but seemed to be relatively
constant during the postnatal stages. Developmental matura-
tion of the CF–PC synapse from multiple- to mono-innerva-
tion is completed within several postnatal weeks. Therefore,
it may be that BSRP family members are involved in cerebellar
development and maturation.
3.3. Motor discoordination of knockout mice lacking BSRPs
To examine physiological functions of BSRPs, we generated
knockout mice (Fig. S2). The homologous primary structures
and overlapping regional distribution suggest functional
redundancy among BSRP family members in the brain. In-
deed, knockout mice lacking either of the members did noteling for calbindin as a marker for PCs (blue), anterogradely dextran
r CF terminals (green). In control PCs associated with anterogradely
eld yellow signals, demonstrating mono-innervation (A). Control PC
ervals up to the border between shaft dendrites and spiny branchlets.
T2-ﬂuorescent arrays (boxed region in B-1). High-powered merge and
terminals derived from diﬀerent neural origins, DTR-labeled CF (aCF)
le CF innervation was often detected in TKO mice (C, D). Scale bars:
e were examined.
T. Miyazaki et al. / FEBS Letters 580 (2006) 4057–4064 4061show clear abnormalities. Because the genes for BSRP family
members are localized on diﬀerent mouse chromosomes, we
produced triple-knockout mice lacking all of BSRPs (TKO
mice) by interbreeding the single knockout mice. Resulting
TKO mice were still healthy under our conventional housing
conditions, and showed no obvious defects in development
and reproduction.
TKO mice exhibited an abnormal behavior when placed on
a narrow bar (ﬁxed-bar test). Wild-type mice walked quickly
and proﬁciently, whereas TKO mice walked slowly and were
essentially crawling on the bar (Fig. 3A). Moreover, TKO mice
frequently stopped and wound their tails around the bar. In
the rota-rod test (Fig. 3B), TKO mice failed to stay on a rotat-
ing rod in comparison with wild-type mice, and showed signif-
icant impairments in all the trials. Although TKO mice could
improve rota-rod performance during the training, the degree
of improvement was relatively poor. Therefore, TKO mice
bear impaired motor coordination. In the rota-rod task, sin-
gle-knockout mice lacking BSRP-B exhibited a mild impair-
ment, while double-knockout mice lacking both BSRP-A
and C retained a normal performance similar to that of wild-
type mice (data not shown). These observations likely suggest
that BSRP family members are functionally redundant in cer-
ebellar functions.
3.4. Multiple CF–PC innervation in BSRP-TKO mice
TKO mice exhibited no abnormalities in basic cerebellar his-
tology and cytology. No abnormalities in cerebellar size, tri-
laminar organization in the cerebellar cortex, distributions of
inhibitory terminals, somata and dendritic shafts of PCs and
of PF terminals on dendritic spines were detected in the
TKO cerebellum (Fig. S3A-F). Moreover, TKO mice retained
normal PF–PC synapses in structure, distribution and density
(Fig. S3G-I).
Phenotypic abnormalities of TKO mice were seen in
dendritic innervation by CFs. In TKO mice, VGluT2 signalsFig. 5. Electrophysiological abnormalities of CF–PC synapses in BSRP-TKO
(A) and BSRP-TKO mice (B, C). CFs were stimulated in the granule cell laye
stimulus intensity. Holding potential was 20 mV for A and B and 80 mV f
potential was corrected for liquid junction potential. Frequency distribution
none behavior of a slow EPSC elicited in a BSRP-TKO PC (E). EPSCs wer
were plotted against the stimulus intensity. At 3.5 lA, one of the ﬁve stimuli fa
mediated by AMPA receptors (F). The slow EPSC is completely blocked by b
EPSCs. Holding potential was 70 mV. The amplitudes of CF-EPSCs (meas
rise time for wild-type (G) and BSRP-TKO (H) mice. Open circles, closed tria
W, respectively. Note that the number of CF-multi-W with small amplitude
wild-type mice. In the analysis, at least 3 mice (5 weeks old) were examine(marker for CF terminals) mainly appeared at regular intervals
and were distributed within a deﬁned territory on PC dendrites.
However, shaft dendrites of PCs often had segments associated
with no CF terminals in the mutant cerebellum, suggesting
abnormal CF-PC innervation. We next conﬁrmed the observa-
tion by triple-ﬂuorescence labeling for CFs and PCs. Cerebellar
sections were prepared from mice injected with an anterograde
trace of dextran Texas red into the inferior olive for partially
ﬂuorescence-labeling CFs, and were immunoﬂuorescence-
stained with antibodies against calbindin (blue) and VGluT2
(green) for confocal-microscopic analysis. In wild-type mice,
the signals of anterogradely labeled CFs (aCFs) were observed
precisely according to the branching of shaft dendrites
(Fig. 4A). Moreover, terminal swellings of the aCFs overlapped
completely with VGluT2 and turned to yellow in the merged
image, thus representing mono-innervation. In TKO mice,
morphological evidence of multiple innervation was demon-
strated with blank segments at dendrites (Fig. 4B-1). In the
boxed region, a shaft dendrite proximal to the blank segment
was innervated by anterogradely unlabeled CF (uCF, green
or blue), whereas its distal portion was innervated by aCF (yel-
low or white puncta) that leaped from the neighbor (Fig. 4B-
2,3). Multiple innervation in TKO mice was also addressed in
shaft dendrites that were innervated regularly and continuously
by VGluT2-positive CF terminals (Fig. 4C and D); a portion of
shaft dendrites was innervated by aCF, whereas the rest was
considered as an uCF-projection area.
3.5. Electrophysiological abnormalities of CF–PC synapse in
BSRP-TKO mice
To further analyze CF–PC synapses in TKO mice, we con-
ducted whole-cell patch clamp recording in cerebellar slices.
In the majority of PCs fromwild-type mice, a clearly discernible
excitatory postsynaptic current (EPSC) was elicited in an all-or-
none fashion, indicating that most PCs were innervated by sin-
gle CFs (Fig. 5A and D). In contrast, the percentage of PCsmice. Sample traces of EPSCs elicited by stimulating CFs in wild-type
r at 0.2 Hz, and two to three traces are superimposed at each threshold
or C. Responses in B and C were recorded from the same PC. Holding
histogram showing the number of discrete steps of EPSCs (D). All or
e elicited ﬁve times at each stimulus intensity and the peak amplitudes
iled to elicit an EPSC. Holding potential was 80 mV. Slow EPSCs are
ath-applied NBQX (10 lM). The same results were observed in 6 slow
ured at a holding potential of 20 mV) are plotted against the 10–90%
ngles and closed circles represent CF-mono, CF-multi-S and CF-multi-
and slow rise time was apparently higher in BSRP-TKO mice than in
d.
Fig. 6. Reduced phospho-PKCa in BSRP-TKO cerebellum. Total
cerebellar proteins were analyzed (10 lg/lane) by Western blotting
using antibodies to phospho-PKCa at S657, phospho-PKCc at T514,
T655 and T674, phospho-CaMKIIb, phospho-ERK, phospho-
DARPP32 at T34 and phospho-CREB at S133. Their total protein
levels were also determined with antibodies recognizing both phos-
phorylated and non-phosphorylated forms. Representative immuno-
reactivity (A) and summarized immunoreactivity normalized with the
values of wild-type mice (B) are shown. DARPP32 and CREB are
known as PKA target proteins. The data represent mean ± S.E.M.
from at least 4 mice (10–13 weeks old), and a signiﬁcant diﬀerence
compared with control is marked by asterisks (**P < 0.01 in t test).
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than in wild-type mice (Fig. 5B–D) (P < 0.05, v2 test). Multiple
EPSCs were elicited in 9 of 57 (16%) wild-type PCs and 14 of 39
(36%) TKO PCs. However, no perceptible abnormalities were
detected in the basic properties of EPSCs elicited by stimulating
mono-innervating CFs (Fig. S4, Tables S1 and S2).
In TKO mice, PCs with multiple EPSC steps often had
EPSCs with small amplitudes and slow rise times (Fig. 5C).
These EPSCs were elicited in an all-or-none fashion
(Fig. 5E) and showed clear paired-pulse depression (data not
shown), indicating that they were elicited by stimulating
CFs. These slow EPSCs were markedly enhanced by DL-
threo-b-benzyloxyaspartate (100 lM), a blocker of glutamate
transporter (data not shown), and were completely blocked
by an AMPA receptor antagonist, NBQX (10 lM) (Fig. 5F).
These results indicate that the slow EPSCs do not involve glu-
tamate transporter currents but are mediated by AMPA recep-
tors. To examine CF innervation in more detail, we classiﬁed
CFs into three groups as described previously [10] and plotted
the peak amplitudes against the 10–90% rise times of CF-
EPSCs elicited by stimulating respective CFs (Fig. 5G and
H). In an individual multiply-innervated PC, the CF that elic-
ited the largest CF-EPSC was termed ‘‘CF-multi-S (Strong)’’
and the remaining of CFs were termed ‘‘CF-multi-W (Weak)’’
(because they were inevitably weaker than ‘CF-multi-S’). The
CF of mono-innervated PC was termed ‘‘CF-mono’’. CF-
mono and CF-multi-S showed similar distributions both in
wild-type (Fig. 5G) and TKO (Fig. 5H). The 10–90% rise times
for CF-mono/CF-multi-S were all shorter than 1 ms and the
amplitudes were in the range of 1–6 nA at a holding potential
of 20 mV. In contrast, the number of CF-multi-W with rise
times slower than 1 ms was apparently higher in TKO mice
than in wild-type mice. All of these responses had small ampli-
tudes less than 70 pA at a holding potential 20 mV (Fig. 5H).
Therefore, the abnormal PCs in TKO mice tend to be inner-
vated by one strong CF with a fast EPSC rise time plus a
few weak CFs with slower rise times. Because ectopic CFs
innervating distal dendrites elicit EPSCs with slow rise times
in GluRd2 knockout mice [15], these results suggest the exis-
tence of weak and ectopic CF innervation of PC dendrites in
TKO mice. This notion is consistent with the immunohisto-
chemical data demonstrating ectopic CF–PC innervation on
PC dendrites in TKO mice (Fig. 4).3.6. Reduced autophosphorylation of PKCa in BSRP-TKO
cerebellum
Recent studies have demonstrated that synaptic maturation
and plasticity require vital functions of various protein kinases.
To examine whether abnormal kinase activities are associated
with the TKO cerebellum, Western blot analysis was carried
out using antibodies to phosphopeptides. Our analysis de-
tected normal PKCa contents but reduced phospho-PKCa lev-
els in the TKO cerebellum (Fig. 6). Because the PKCa
autophosphorylation correlates well with its kinase activity
and is abundantly expressed in PCs among cerebellar cell types
[16,17], the observations likely suggest impaired PKCa activity
under basal conditions in TKO PCs. However, no signiﬁcant
diﬀerences were suggested in PKCc, Ca2+/calmodulin-depen-
dent protein kinase II (CaMKII), extracellular signal-regulated
kinase (ERK) and cAMP-dependent protein kinase (PKA)
activities between wild-type and TKO mice. Western blottingalso detected normal density and distribution of major synap-
tic components of PCs in the TKO cerebellum (Fig. S5).4. Discussion
The results present here demonstrate that CF–PC synaptic
maturation is impaired in TKO mice. During developmental
maturation from the multiple- to mono-innervation, major
roles of BSRPs may be assigned to the PC side rather than
the CF terminal, because of their somatodendritic distribution
in neurons. The functional importance of mono-CF innerva-
tion was recently demonstrated by various mutant animals
exhibiting motor discoordination. The causes of multiple
innervation in the animal models so far reported can be cate-
gorized into three distinct mechanisms. First, irregular PF–
PC synapses induce multiple innervation, based on the results
of hypogranular animals including X-ray-irradiated rats [18]
and knockout mice lacking GluR d2 subunit [19]. TKO mice
retaining normal density of granular cells and regular PF–PC
synaptogenesis (Fig. S3) are not assigned to this category. Sec-
ond, Ca2+ entry through the P/Q-type voltage-gated Ca2+
channel in PCs is essential for the establishment of mono-
innervation. Knockout mice lacking the P/Q-type channel
manifest a diminished territory of CF innervation and proxi-
mal expansion of PF innervation down to the PC soma [20].
Because CF and PF innervations with normal territories were
observed in TKO mice (Fig. S3), it is unlikely that BSRPs are
functionally associated with the P/Q-type channel. Third,
metabotropic glutamate receptor subtype 1 (mGluR1)-medi-
ated signaling in PCs is essential for mono-innervation, based
T. Miyazaki et al. / FEBS Letters 580 (2006) 4057–4064 4063on the phenotypes in knockout mice lacking mGluR1, Gaq of
the trimeric GTP-binding protein, phospholipase Cb4 and
PKC [21–24]. This signal cascade also produces IP3 triggering
IP3R1-mediated Ca2+ release. Although TKO mice showed
atypical multiple CF-innervation producing irregular EPSCs
with the slow time course and small amplitude (Fig. 5), such
abnormal electrophysiological features have not been reported
in mutant mice lacking the mGluR1 cascade. However, mutant
mice lacking the mGluR1 cascade and our TKO mice share
several histological abnormalities, including multiple CF-
innervation observed within the normal territory of PC den-
drites. Moreover, BSRPs as residents on the endoplasmic retic-
ulum (ER) are partially co-localized with IP3R1 in PCs
(Fig. 2), and PKCa hypoactivity is proposed in TKO PCs un-
der basal conditions (Fig. 6). Recent studies indicate that both
PKCa and PKCc contribute to functional maturation of PCs
and cerebellar plasticity [16,17,25,26]. Therefore, it is possible
that BSRPs in the ER participate in the mGluR1 signaling,
and that CF–PC synaptic maturation is disturbed by impaired
PKCa activity in TKO PCs.
Activation of classical PKC subtypes, including PKCa and
PKCc, requires both Ca2+ and diacylglycerol-induced translo-
cation from the cytosol to membranous sites [16]. It may seem
puzzling that the TKO cerebellum retained normal PKCc activ-
ity yet bear impaired PKCa activity. In cultured cells, PKC sub-
types predominantly translocate to the cell membrane upon
their activation, but the attachment of PKCa with the ER
membrane has also been reported [27,28]. The distinct subcellu-
lar distribution between PKC subtypes may be the direct cause
of the PKCa-speciﬁc hypoactivity in the TKO cerebellum. Be-
cause BSRPs are localized on the sER as intracellular Ca2+
stores, it can be hypothesized that BSRPs would be involved
in Ca2+-handling of the ER through the predicted intermolecu-
lar interaction using the luminal SCR and CUB domains. For
example, the loss of BSRPs might induce insuﬃcient ER
Ca2+ release to prevent the full activation of PKCa localized
on the ER during the mGluR1 signaling in PCs. Because data-
base searches found no BSRP homologue in non-neuronal tis-
sues, BSRPs likely contribute to specialized ER functions in
neurons. In order to elucidate the bona ﬁde molecular roles
of BSRP members, we need to further examine abnormalities
in several neural sites in TKO mice as a useful model system.
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